Recent results by Wearne 1(1993) Ph.D. thesis] using the scleral search-coil method of measuring eye position indicate that changes in ocular torsion position (OTP) occur during yaw angular acceleration about an earth vertical axis. The present set of experiments, using an image processing method of eye movement measurement free from the possible confound of search coil slippage, demonstrates the generality and repeatability of this phenomenon and examines its possible causes. The change in torsion position is not a linear vestibulo-ocular reflex (LVOR) response to interaural linear acceleration stimulation of the otoliths, but rather the effect is dependent on the characteristics of the angular acceleration stimulus, commencing at the onset and decaying at the offset of the angular acceleration. In the experiments reported here, the magnitude of the angular acceleration stimulus was varied and the torsion position response showed corresponding variations. We consider that the change in torsion position observed during angular acceleration is most likely to be due to activity of the semicircular canals.
INTRODUCTION
The standard definition of the vestibulo-ocular reflex (VOR) is that an angular acceleration of the head about any axis will activate all three semicircular canal pairs and this activation will lead to the production of a compensatory rotation of the eyes in the orbit, opposite in direction and velocity to the head rotation. Until recently, the human VOR has largely been studied in the horizontal (yaw) and vertical (pitch) planes. The advent of dual torsion search coil (Collewijn, Van der Steen Ferman & Van Rijn, 1985) has enabled the accurate measurement of horizontal, vertical and torsional (roll) components of the eye movement response to both visual and vestibular stimulation. Using this technique, research in our laboratory (Wearne, 1993) has measured the 3-dimensional eye movement response to a standard step of yaw angular acceleration (10 deg/sec 2) from rest to a final angular velocity of 200 deg/sec about the subject's Z-axis. As all testing was done in complete darkness, this was considered to be a pure vestibular stimulus. In addition to the expected compensatory horizontal eye velocity and position, there was a small but significant change in the torsional position of the eye during yaw angular acceleration. This ocular torsion position (OTP) response had an average size of 3-4 deg *Department of Psychology, University of Sydney, Sydney, NSW 2006, Australia [Ernail stuarts@psychrax.psych.su.oz.au] . tTo whom all correspondence should be addressed. SEye and Ear Research Unit, Neuro-otology Department, Royal
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and was correlated in direction and time with the angular acceleration stimulus, the left eye torted clockwise (from the subject's point of view, upper pole of the eye rolls to the subject's right) during yaw angular accelerations towards the subject's left. The torsion position decayed back to baseline (zero deg) during constant angular velocity. During angular acceleration in the opposite direction the OTP effect reversed. The presence of this systematic change in ocular torsional position during yaw angular acceleration was unexpected and the present study endeavoured to identify the cause of this phenomenon. Changes in the torsion position of the eye have traditionally been associated with static changes in the roll-tilt of the head. Such maintained ocular countertorsion (or counter-roll) is due to otolithic stimulation and is not completely compensatory accounting for only 10 20% of head roll-tilt (Woellner & Graybiel, 1959; Nelson & Cope, 1971) . Collewijn et al. (1985) using the search-coil technique have investigated both the static and dynamic aspects of torsional eye movements. These authors reported that the torsional component of eye movement is much larger when the head is dynamically roll-tilted accounting for as much as 70% of head movement. During such a dynamic stimulus both the otoliths and the vertical semicircular canals will be activated. In addition, the gain of the torsional response was observed to be significantly higher during head rotation in the presence of a fixation point than with no fixation point (see also Seidman & Leigh, 1989; Leigh, Maas, Grossman & Robinson, 1989) . 2045
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The purpose of the present study was to confirm changes in ocular torsion position during semicircular canal stimulation during yaw angular acceleration using a video image processing technique (Moore, Curthoys & McCoy, 1991) which is free from the possible confound of scleral search-coil slippage around the torsional axis. Characteristics of the response such as peak OTP during angular acceleration and the time course of the decay of OTP back to baseline levels after the offset of acceleration were measured. We sought to identify whether the OTP effect is also present during the expected suppression of the horizontal VOR by means of a fixation point. The results of Collewijn et al. (1985) suggest that OTP should be observed. Finally, we were interested in establishing the cause of the OTP response. During yaw axis angular acceleration, because of the non-orthogonality of the semicircular canals (Curthoys, Blanks & Markham, 1977) all three pairs of semicircular canals will be stimulated. It is therefore possible that the modest activation of the semicircular canals could cause the response. Another possibility is that linear acceleration stimulation of the otoliths causes changes in the ocular torsion position response. The otoliths are each approx. 3.2cm from the centre of the head and as such will receive small centripetal and tangential linear accelerations during yaw axis angular acceleration. We examine these two alternative explanations of the OTP response by testing during stimuli in which the angular and linear acceleration components were independently manipulated.
GENERAL METHODS

Coordinates and notation
The conventions established by Hixson, Niven and Correia (1966) were applied to head-centred coordinates (Fig. 1) . In the following experiment individual trials I Z +1 FIGURE 1. Cardinal head axes and the right hand Cartesian system used in this study. The body longitudinal axis was referred to as the z-axis (up positive). The inter-aural axis was the Y-axis (left positive) and the naso-occipital axis was the X-axis (front positive). Angular rotations (co) about the X-, Y-and Z-axes corresponded to roll (rex), pitch (coy) and yaw co z of the head, respectively, with positive polarity sense established by the right hand screw rule.
were classified according to the direction of rotation. Rotations are described as +o~z or -~z about the positive pole of the rotation axis and correspond to the erect human subject turning to their left or right respectively. Angular accelerations were referred to by _+~ corresponding to the direction of rotation. Clockwise torsion of the eye (upper pole of the eye rolls to the right from the subject's point of view) was defined to be positive while counter-clockwise torsion was defined to be negative.
Subjects
Nine healthy human subjects aged 24 51 with no known history of vestibular disorder participated in this study. Seven of the nine subjects were familiar with the equipment used in the experiments and had experienced similar stimulation previously. The two naive subjects were exposed to an example of the angular acceleration stimulus prior to data collection, but were not informed of the background of the study nor expectations of them. A power analysis (Cohen, 1988 ) using Wearne's original effect size for ocular torsion position during yaw axis angular acceleration demonstrated that a sample size as small as six subjects would lead to a power of around 0.86 for detecting an OTP of around 3 deg with the probability of a Type I error set at 0.05. No more than six subjects were used in any of the experiments reported in this paper.
Apparatus
For all experiments reported here the chair of a fixed-chair human centrifuge (Servo-Med, Sweden) was always positioned exactly on the axis of centrifuge rotation and every subject's head was carefully aligned so that the axis of chair rotation passed through the midpoint of the line joining the two labyrinths. With the head in this position each labyrinth was approx. 3.25 cm lateral from the axis of rotation. Torsional position of the left eye was measured using a head-mounted, IR sensitive charge coupled device (CCD), lipstick-sized video camera (Panasonic WV-CD1E) and video image processing system (VTM, Moore et al., 1991) which has a resolution in torsion of 0.1 deg. While accurate control of the coordinate system of the VTM system relative to that of the axis of rotation could be controlled to some extent, such control was not complete. We are satisfied however that the correlation between the horizontal component of eye movement and measured torsion position changes is minimal (see Fig. 2 ). The lipstick camera and IR light sources were mounted on a pair of modified spectacle frames held tightly to the head by a combination of straps and padding. The camera was positioned such that the lens was approx. 3 cm away from the front surface of the cornea of the left eye, obscuring the field of view for this eye. Two arrays of IR LEDS (CQY89A), operating on 40 mA, were positioned to the left of the subject's left eye and were oriented such that they cast a grazing incidence of light across the iris to highlight iral striation patterns of the eye (Moore et al., 1991) . The VTM system program acquires an image of the iris illuminated by the IR light sources, calculates a threshold of this image in order to identify the pupil, calculates the area of the pupil and locates its centre using a centre of gravity algorithm, then records the grey level distribution along an arc 256 pixels long at a selected radius from the pupil centre. A fast fourier transform is carried out on this reference grey level distribution which is cross-correlated with comparable iral grey level distributions from other test images of the same eye in order to determine the amount of torsional rotation of the test images relative to the reference image. Since a constant pupil size is required by the VTM system for the duration of data acquisition, 2-4 drops of 2% pilocarpine hydrochloride (Isoptocarpine 'm, Alcon Laboratories) were administered to the subject's left eye 20-30 min before testing and a further 1-2 drops were administered just prior to testing. Pupil constriction resulting from application of pilocarpine combined with optimally positioned IR light sources close to the eye, enabled a clear iral striation pattern to be observed in most subjects.
For all experiments the pitch of the head was initially set such that Reid's baseline, the line which joins the infra-orbital point to the superior border of the external auditory meatus (World Federation of Neurology, 1962) , was 7.5 deg nose up from gravitational horizontal. Pitch orientation of the head was measured for each subject before and after each rotation and if the pre-and post-rotation values of pitch differed by more than 5 deg, then data for the test was excluded from further analysis.
Body movement was restricted by a combination of seat belts, Velcro ® straps, chest and hip supports and a foot rest. Head movements were restricted by means of a custom-made four-point head holder which was tightened and locked into place. An orthopaedic neck brace was also used to minimise head movement. Before testing subjects were instructed to fixate a small centrally located dim LED light source 60 cm directly in front of them while torsional eye position was measured for a 30 sec period prior to acceleration in order to obtain a baseline measure. Subjects were then requested to maintain fixation during all subsequent testing. With the exception of the fixation point, which was used to ensure that the eye was close to the primary position and to suppress any horizontal vestibular nystagmus during larger magnitude angular accelerations, all testing was done in complete darkness.
Data analysis
On the completion of each trial, torsional eye position was computed by the VTM system and data stored as an ASCII file containing timing and torsion position information. Every cross-correlation pattern was carefully checked during processing to ensure that each torsion position datum was valid. Invalid data were identified by gross changes in the cross-correlation pattern. These are typically generated by blinks, tear build up or other changes in the quality of the video image of the striation pattern. Data was transferred to floppy diskette for off-line processing.
For all experiments, an average baseline torsion position was calculated for the 30sec of recording immediately prior to acceleration and subtracted from each torsion position datum during the trial. This was done to correct for the slow drift in OTP which can occur during VTM set-up and calibration. The corrected OTP for each subject was then plotted as a time-series using the Kaleidagraph graphic presentation package (Abelbeck Software, 1991) and visually inspected for gross outliers. These outliers were excluded from further processing if they were correlated with images identified as invalid during initial image processing by the VTM system. As torsion position data were not equally spaced in time, and as no prior assumptions were made regarding the form of the underlying function, a robust, locally weighted regression procedure, lowess (Cleveland, 1979) , was applied to the raw time-series data using the statistical analysis package New S (Becker, Chamber & Wilkes, 1988) . This procedure for scatterplot smoothing resembles local fitting of polynomials but it guards against deviant points distorting the smoothed curve. Smoothed data were then subsampled at 1 sec intervals using cubic spline interpolation to obtain equally spaced data required for the computation of between-subject statistical indices as means, standard errors and confidence intervals. In all cases, the adequacy of the smoothed and interpolated data was verified by comparing fitted lines to raw data (Fig. 2 ). Student's t-tests (Winer, Brown & Michels, 1991) and paired observation t-tests (Hays, 1988) were used to test individual statistical hypotheses and assess statistical significance. Preliminary studies in our lab showed that OTP after the offset of angular acceleration did not decay as a single exponential, rather it exhibited adaptation and overshoot. Double exponential curves were fit to individual OTP traces using a modified Levenberg-Marquardt algorithm (Press, Flannery, Teukolsky & Vetterling, 1988) implemented in C. Data for these curve fits began from the maximum OTP after the offset of angular acceleration through to either the second zero-crossing of torsion position or 120 sec after the offset of angular acceleration. The adequacy of the double exponential fit was verified in each case by plotting the fitted curves over the OTP traces. Dominant (Td) and adaptation (r,) time constants for these curve fits were recorded and tabulated.
Protocol
Experiment I: OTP during yaw axis angular acceleration. After the 30 sec of baseline OTP measurement, the centrifuge chair was accelerated in either direction at 10 deg/sec 2 to a constant angular velocity of 200 deg/sec. Subjects were maintained at a constant angular velocity of 200 deg/sec for a period of 2 min, after which they were decelerated to rest where they were held for a further minute. Eye position was continually recorded for the duration of one rotation trial. After a 2-5 min break, subjects were rotated in the opposite direction.
Experiment 2: Independence of effect from linear acceleration. In this experiment a velocity profile was used such that subjects were continuously accelerated at 7.5deg/sec 2 from 250deg/sec in one direction to 250 deg/sec in the opposite direction. This stimulus was designed to alter the magnitude of the interaural linear acceleration stimulus to each otolith (centripetal acceleration) while keeping the angular acceleration stimulus constant. The duration of this stimulus was 66.67 sec. Assuming that the radius of the otoliths from the centre of the head was approx. 3.25 cm, the magnitude of the centripetal acceleration stimulus decreased in a nonlinear fashion from a maximum value of 0.068g units at 250deg/sec to 0g units (as chair passes through 0 deg/sec) and increases again to a. maximum value of 0.068g units at 250 deg/sec with centrifuge chair rotation in the opposite direction. The magnitude and direction of the centripetal linear acceleration was identical for both directions of rotation. Due to the nonlinear nature of the change in the magnitude of the interaural linear acceleration, we will refer to this as a parabolic linear acceleration stimulus. In this experiment, two parabolic linear acceleration stimuli were given to the subject within a single trial. This enabled collection of torsion-position data for opposite directions of angular acceleration within a single experimental trial. All subjects were retested on a subsequent testing day with an initial angular acceleration in the opposite direction.
Experiment 3: Dependence on magnitude of angular acceleration. After the 30 sec baseline period, subjects were accelerated from rest in either direction at 2.5 or 7.5 deg/sec 2 to a final angular velocity of 250 deg/sec. The duration of angular acceleration at 2.5 deg/sec 2 was 100sec and was 33.3 sec at 7.5deg/sec. Data for the 2.5deg/sec 2 accelerations were taken from the initial acceleration period in Experiment 2. Results from both Experiments 1 and 2 suggested that torsion position in some subjects did not return to baseline values after 2 rain at constant angular velocity; therefore in the present experiment, after an angular acceleration of 2.5 deg/sec 2, subjects were maintained at constant angular velocity for a period of 3 min, after which they were decelerated to rest. Torsion position was measured for the duration of the test, including a 3 min period after the offset of deceleration. Figure 3 shows the torsion position responses of all six subjects to the angular acceleration stimulus in both directions of rotation. There are large differences between subjects, but all subjects showed a similar pattern of OTP. One subject reached a maximum torsion position of 8.74 deg while another reached only 2.21 deg in the same direction of angular acceleration. Average time series records of OTP (_+two-tailed 95% confidence intervals) are also shown in Fig. 3 . Average baseline torsion position during the 30 sec period prior to acceleration was calculated to be -0.09+0.02deg (+SE here and in the following) prior to +~z and 0.06 + 0.01 deg prior to -:~z. Average maximum torsion position during -ct z was -4.51 ± 1.07 deg and for +~z was 5.32 + 1.08 deg. These maximum torsion positions were significantly different from average baseline torsion position (+~: t 5 = 4.9; -~z: t5 = 4.2; P < 0.01) though there was no significant difference between them (t5 = 0.56; P > 0.05). Mean value of maximum torsion position during acceleration in either direction of rotation was not significantly different from maximum torsion position during deceleration in the same direction (+~z: t5 = 0.6; -c~: t5 = 0.5; P > 0.05). All but one subject showed an overshoot of torsion position baseline values during the decay of torsion position at constant angular velocity. This overshoot began approx. 30sec after the offset of angular acceleration and had an average maximum value for the six subjects of -0.87 _+ 0.32 deg after +~z and 1.02_+ 0.24deg after -~. Torsion position gradually returned to baseline values by the end of the 2 min period at constant angular velocity. The mean dominant time constant for all six subjects after +~ was 26.6___ 3.1 sec and after -~ was 30.7_+ 3.9 sec. The difference between these two time constants was not significantly different from zero (t5 = 0.26; P > 0.5). The mean adaptation time constants for five of the six subjects was 60.6 _+ 15.2 sec after +c~z and 56.2 _+ 5.5 sec after -~z-Again, the mean difference between these two adaptation time constants was not significantly different from zero (t4 = 0.3; P > 0.5). Torsion position also was found to overshoot baseline values approx. 30 sec after return to rest.
RESULTS
Experiment 1: OTP during yaw axis angular acceleration.
Experiment 2: Independence of effect from linear acceleration. Torsion position data for each parabolic linear acceleration stimulus was selected from the complete time series and stored in a separate data file. Time and the corresponding torsion position values were adjusted such that both were set to zero at the onset of angular acceleration. Fig. 4 shows the measures of torsion position obtained during the parabolic linear acceleration stimulus for all six subjects on two successive testing days. Circles show the response on the first day while squares show the response on the second day. Positive (CW) values of torsion position were generated during + c~z (open symbols), negative (CCW) values during -~z (closed symbols). While there was variability in the torsion position response between subjects, variation within each subject was small, with the worst case observed in subject RY's response to -~. Subjects AT and SC both displayed an obvious asymmetry, with their response to -c~ z smaller than to +~z. Subject SW displays a decline in his torsion position response approx. 20 sec after the onset of angular acceleration. This decline then appears to plateau at approx. 3 deg, 40 sec after the onset of acceleration. The torsion position response of subject PB on the other hand continues to build for the duration of the stimulus. Absolute maximum torsion position response for the six subjects ranges from approx. 8 deg in subject RY to 0.5 deg in subject SC.
The average torsion position response (+two-tailed 95% confidence intervals) to the parabolic interaural linear acceleration stimulus (dashed line) for the six subjects who participated in this experiment is shown in Fig. 5 . Average torsion position measured during this stimulus was characterised by a rapid rise during approx. the first 20 sec of the stimulus followed by an extended plateau for the final 40 sec. The average maximum deviation of torsion position during --~z (closed squares) was -2.75 + 1.47deg and for +~ (open circles) was 4.29 + 1.54 deg. These maximum torsion position deviations were both significantly different from zero (-~z : t5=4.6, P<0.01; +~z" t5=6.8, P<0.01) while the absolute magnitudes were not significantly different from each other (ts= 1.8; P>0.05). Thirty-three seconds after the onset of angular acceleration, when the value of the centripetal acceleration acting on each otolith was at a minimum (0g), the average value of the torsion position response during -~z was -2.28 _+ 0.55 deg and to +c~ Z was 3.63 _+ 0.81 deg. Both of these average torsion positions were significantly different from zero (-cq: t5=5.2, P<0.01; +~z: ts = 4.5, P < 0.01). It is clear from both the individual traces and the group data that the large modulation in the magnitude of the centripetal linear acceleration had no effect on the size of the ocular torsion position response. The mean dominant time constant after +c~ z was 32.9 _+ 2.2 sec while the adaptation time constant was 49.3 _+ 5.5 sec. Following -~, the mean dominant time constant was 25.9 + 2.9 sec and the adaptation time constant was 49.3 _+ 8.6 sec.
Experiment 3." Dependence on magnitude o]" angular acceleration.
The results from Experiment 2 indicate that a plateau in OTP occurs during long duration angular acceleration. In order to quantify this plateau, a rising exponential curve was fit to each torsion position profile during the angular acceleration using a modified Levenberg-Marquardt algorithm (Press et al., 1988) implemented in C, and the time differential of this curve was computed. The criterion for establishing the plateau in torsion position was that the differential of the exponential fit was equal to zero (_+0.05) for a period longer than 10 sec. Where the data met that criterion the plateau was computed as the average of all data points during that 10 sec interval. The data from one subject (PB) did not meet this criterion during an +~z of 7.5 deg/sec2; therefore the "plateau" value for this subject was set to the maximum torsion position reached during the acceleration period. Figure 6 shows the OTP response during the two angular accelerations from rest to 250deg/sec for all subjects who completed this experiment. Circles represent the response to +~ and squares to -~z. Open symbols represent the OTP response during an angular acceleration of 7.5 deg/sec 2 while solid symbols represent the response during 2.5 deg/sec 2. Note that only data for the first 60 sec of acceleration were plotted. For no subject did the response to 2.5 deg/sec 2 increase after 60 sec. From approx. 10 sec after the onset of acceleration, all subjects demonstrated greater OTP during an angular acceleration of 7.5 and 2.5 deg/sec 2. Though there was some variability between subjects, the overall pattern of response was the same for each subject. Subject PB did not appear to exhibit a plateau in her OTP response during 7.5deg/sec 2 acceleration. It is interesting to note that this subject also did not show a plateau during the 66.67sec of acceleration at 7.5 deg/sec 2 in Experiment 2. symbols) and 7.5 deg/sec 2 (solid symbols). During +:t z, the average plateau for 2.5 deg/sec ~ was 3.0_ 0.4deg and during 7.5 deg/sec 2 was 5.9_ 0.2deg. The mean difference between the two plateau values was significantly different from zero using a one-tailed related measures t-test (t 5 = 10.9; P < 0.001). During --c~ z the average of the plateau during 2.5 deg/sec 2 acceleration was -2.9_0.6deg and during 7.5deg/sec 2 was -5.6 _+ 0.7 deg. Again, the average difference between the two plateau values was significantly different from zero (t 5 = --4.1; P < 0.05).
The dominant and adapatation time constants derived from a double exponential fit to the decay in torsion position for each subject following the long duration (100sec) angular acceleration at 2.5 deg/sec 2 for both + ~z and -~z were calculated. The mean dominant time constant after +~z was 31.4_ 1.9 sec while the adaptation time constant was 46.6 +_ 2.0 sec. Following -cq, the mean dominant time constant was 32.1 _+ 2.5 sec and the adaptation time constant was 45.8 ± 4.2 sec.
DISCUSSION
OTP during yaw axis angular acceleration
We have shown, using an image-processing method of eye position measurement, that the torsion position of the eye changes systematically during head centred, yaw axis angular acceleration. The mean absolute magnitude of the effect with an angular acceleration of 10 deg/sec 2 was 4-5 deg. Changes in torsional eye position were correlated in direction and time with the angular acceleration stimulus. Torsion eye position deviated CCW with respect to the subject for -~ accelerations and CW for +~ accelerations. These deviations in torsional eye position decayed back to baseline levels immediately post-acceleration, with a dominant decay time constant of 28.6 sec. Similar decay time constants were computed following angular accelerations of 2.5 and 7.5 deg/sec 2. This is the first report of the temporal dynamics of changes in OTP during yaw axis angular acceleration.
During yaw axis angular acceleration the endorgans of the vestibular system are subjected to a complex set of acceleration stimuli. Constant angular acceleration stimulates not only the semicircular canals (Goldberg & Fernandez, 1971; Guedry & Oman, 1990 ) but the otolith endorgans as well (Myers & Lewis, 1991) . The experiments reported in this paper do not examine whether angular acceleration stimulation of the otoliths can account for the OTP effect observed during angular acceleration, though it is recognised as an issue which needs to be investigated. Also accompanying the angular acceleration stimulus is a small (0.0057 g) linear acceleration which is tangential to the direction of the centripetal acceleration vector. For head-centred angular acceleration, this step in tangential linear acceleration acts in opposite directions along the naso-occipital axis of each utricle. Reversal of the direction of angular acceleration reverses the sense of action of the tangential linear acceleration. This change in the direction of action of the tangential linear acceleration could account for the direction of the OTP effect during yaw axis acceleration. However, we consider it unlikely that this tangential linear acceleration stimulation of the otoliths is the cause of the effect as the OTP decays with such a long time constant at the cessation of angular acceleration.
One of the most likely sources of the OTP effect observed during yaw axis angular acceleration is the simultaneous increase in the magnitude of the medially directed, centripetal linear acceleration, acting predominantly along the plane of the utricular maculae. Assuming that in humans each otolith is positioned approx. 3.25 cm lateral from the centre of the head and axis of rotation (Curthoys, Blanks & Markham, 1977) , then during head-centred, yaw axis angular acceleration the centripetal linear acceleration acting on each otolith increases non-linearly from 0 to 0.043 g. It is important to note that the magnitude of the centripetal acceleration remains at a maximum during constant angular velocity. If the OTP observed during angular acceleration is due to centripetal acceleration stimulation of the otoliths, then the torsion position of the eye should remain constant during the constant angular velocity stage of the stimulus. However, this is not the case and we conclude that centripetal acceleration stimulationof the otoliths is an unlikely source of the OTP effect.
Independence of effect from linear acceleration
We have demonstrated in the second experiment that OTP increases as the magnitude of the interaural centripetal acceleration stimulus presented to each otolith increases during constant angular acceleration, but that this torsion position response does not decrease back to baseline values as the centripetal acceleration decreases to zero. Furthermore, although the non-linear change in the interaural centripetal linear acceleration stimulus is exactly the same, regardless of the change in direction of rotation (either from +coz to -m~ or --coz to +coz), the direction of the OTP response is dependent on the direction of the angular acceleration stimulus. The eye torts CW with respect to the subject during +~z and CCW during -~z. We conclude that centripetal linear acceleration acting on the otoliths is not the cause of OTP during constant angular acceleration.
One important observation is that the ocular torsion response during angular acceleration is a highly reliable phenomenon. Although the responses vary between different subjects, within each subject the ocular torsion position response is consistent across separate testing occasions. Such repeatability enables an individual torsion-position response profile to be developed for each stimulus condition that subjects are exposed to. Comparisons of different torsion-position responses to different stimulus conditions can then be made and commented upon with more certainty as the responses for each subject do not vary with stimulus presentations. Another interesting result from this experiment is the plateau in the OTP response which occurs during angular acceleration, beginning approx. 20 sec after the onset and lasting until the completion of angular acceleration. This plateau occurs before the minimum centripetal linear acceleration is reached. A similar plateau was not observed in Experiment 1, possibly because the duration of the angular acceleration stimulus used there (20 sec) was much shorter than in this experiment (66.67 sec). The existence of a plateau in OTP also provided us with a useful tool to investigate the effect of the magnitude of angular acceleration on OTP, the results of which are discussed below.
Dependence on magnitude of angular acceleration
Results from our third experiment clearly demonstrate that the changes in ocular torsion position during headcentred yaw angular acceleration are dependent on the magnitude of the angular acceleration stimulus. The larger the magnitude of the stimulus, the greater the value of the plateau of torsion position. This plateau in OTP, first observed in response to an angular acceleration of 7.5 deg/sec 2 in Experiment 2 and again in Experiment 3 to an angular acceleration of 2.5 deg/sec 2, is interesting in light of the following observations. Recording from peripheral neurons innervating the semicircular canals of the squirrel monkey, Goldberg and Fernandez (1971) observed that some semicircular canal neurons adapted during long duration, constant angular acceleration, similar in magnitude to the accelerations used in the present set of experiments. The firing rates of these neurons were observed to decline from peak values if the duration of angular acceleration was longer than 20 sec. If the torsion position response observed during angular acceleration results from semicircular canal activity and the activity of these sensory end-organs can adapt or decline during long duration 0 , , ,
-, angular acceleration, then this may lead to a decrease or plateau of the torsion position response. The observations mentioned above provide some support for a semicircular canal basis for the OTP effect observed during yaw axis angular acceleration. The plateau or decline in activity in the periphery mirrors a similar decline or plateau in the OTP effect. We consider now another, more central explanation of the phenomenon. Whenever the head turns the semicircular canals encode this movement via modulation of the discharge rates of primary vestibular afferents in proportion to head velocity (Goldberg & Fernandez, 1971) . The compensatory push-pull signals from contralateral canal pairs enter the vestibular nuclei and project directly to oculomotor neurons to generate compensatory eye movements roughly in the plane of the stimulated canals (Leigh & Zee, 1991) . However, these direct pathways are insufficient to generate a complete compensatory vestibulo-ocular reflex (Goldberg & Fernandez, 1982) . Arnold and Robinson (1992) note that while the head velocity signal passed on from the canals to the oculomotor muscles is "all very well", as the ocular muscles are mainly position actuators they require a command signal proportional to the desired eye position. Conversion from a velocity signal to a position signal requires the need for numerical integration. Crawford and Vilis (1993) note that though a great deal is understood about horizontal eye velocity position integration, little is known about integration in the other two dimensions of eye movement. Recently both the interstitial nucleus of Cajal (INC) and the rostral interstitial nucleus of the medial longitudinal fasciculus (riMLF) have been implicated in the generation of torsional eye movements (Vilis, Hepp, Schwartz & Henn, 1989; Crawford, Cadera & Vilis, 1991) . Crawford and Vilis (1992) have shown that unilateral stimulation of the riMLF produce eye rotations about a primarily torsional axis. It may be that this torsion position integration mechanism receives some input from the horizontal semicircular canal system.
Whether the results reported in the present paper provide behavioural evidence for the action of these proposed torsional integration mechanisms has yet to be determined. However, as the semicircular canals in humans are non-orthogonal (Curthoys et al., 1977) , yaw angular accelerations will significantly activate all three semicircular canal pairs. Presumably some of the signals from the canals will encode a torsional head velocity, this torsional velocity could then be converted to a torsional eye position signal via integration resulting in the OTP observed. It is interesting to note that the slow decay in OTP after the offset of angular acceleration (time constant of 30 sec) is similar to the time constant of the horizontal integrator (cf. for example Robinson, 1989) .
A final characteristic of the OTP effect reported here, which is similar in nature to models of eye position control which incorporate integration mechanisms is the following. In an early exposition of a mathematical model of the slow phase velocity characteristics of the eye during and after optokinetic nystagmus, Cohen, Matsuo and Raphan (1977) incorporate a saturating integrator, which takes a visual stimulus velocity signal (from a rotating optokinetic drum), the output of which summates with the original stimulus velocity to produce an eye velocity signal. The extent to which the saturating integrator may be charged is determined by a number of feedback and gain parameters. If a similar saturating integrator were used in the transformation of a torsional eye velocity signal to a torsion position signal, then it is possible that one could predict that the torsion position would plateau in response to long duration angular acceleration. The plateau in the OTP response to angular accelerations of 2.5 and 7.5 deg/sec 2 accelerations which occurs approx. 30 sec after the onset of acceleration may be the result of some form of saturation of an integration mechanism.
CONCLUSION
The three experiments reported here demonstrate the generality and reliability of the OTP response during angular acceleration using an image processing technique free from the possible artefact of search-coil slippage. The magnitude of the response reported here is slightly larger than that reported by Wearne (1993) using the search coil technique. This result may in part be due to the fact that all testing reported here was done in the presence of a fixation point while the previous investigation had none. We have shown that the OTP response during angular acceleration is not due to either interaural or tangential linear acceleration stimulation of the otoliths. Rather, the magnitude and direction of the response is dependent on the magnitude and direction of the angular acceleration stimulus to the semicircular canals. While the results reported in this paper implicate activation of the semicircular canals in the generation of changes in torsion position of the eye, we have yet to resolve exactly which of the canal pairs is most responsible for the effect and by what mechanism the response occurs.
